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Abstract 

The large increase in population in Cancun, Mexico has increased domestic, agricultural and industrial ac- 
tivities, resulting in inadequate solid and liquid waste management that can affect underground aquifers. 
One of the factors which affects water quality is coliform bacteria. The present study focused on determin- 
ing the presence of total and faecal coliforms in ten urban cenotes in Cancun. Sampling was carried out in 
the dry and rainy seasons of 2018. The Most Probable Number (MPN) technique was used to determine 
the concentration of coliform bacteria. The results from the analyses indicate that the ten cenotes are con- 
taminated with total and faecal coliforms. Additionally, the concentration of coliforms increases during 
the rainy season. We conclude that all the cenotes are contaminated with faecal coliforms and suggest that 


more studies are necessary to determine the origin of this contamination and the impact on the ecosystem. 
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Introduction 


Cancun is located north of Quintana Roo State, which is one of the thirty-two fed- 
eral entities of Mexico. The geographical coordinates of Cancun are 21°09'41"N, 
86°49'29" W, with an altitude of 5 m above sea level. This city has a humid subtropical 


climate with summer rainfall and its average temperature ranges from 28 °C to 30 °C 
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in the warmest months (from April to August). The rainy season in Cancun usually 
starts in August and ends in October, with an average rainfall of about 200 mm; how- 
ever, in the past few years, the rainy season has extended until November [Instituto 
Nacional de Estadistica y Geografia (INEGI) 2017]. 

The City is built on an extensive plain formed by calcite layers derived from the 
deposition of calcareous minerals (mainly calcium or magnesium carbonate) from 
shells and exoskeletons of marine organisms. The exposure of these calcite layers to 
underground aquatic currents formed by rainfall and river formation generates the cal- 
cite dissolution. Over time, the constant erosion of these layers generates depressions, 
holes and caverns, which produce peculiar structures called “cenotes”, that are present 
throughout the Yucatan Peninsula (Sudrez-Morales and Rivera-Arriaga 1998; Escolero 
et al. 2005). The Yucatan Peninsula has suffered multiple fractures and fissures that 
allow water filtration and thus prevent the formation of aquatic bodies on the surface. 
Therefore, most of the water for human use in the state of Quintana Roo is contained 
in aquifers which constitute the only source of freshwater for human settlements (Es- 
colero et al. 2005; Nava-Galindo 2015). 

Since its foundation in 1971, Cancun has experienced an exponential popula- 
tion growth. In 2010, there were 628306 inhabitants, while in 2015, the population 
increased to 743626 inhabitants (INEGI 2017). The rapid development and growth 
that the city has suffered raises the question about its capacity to develop sustainable 
use of its natural resources [Secretaria de Turismo (SECTUR) 2013; INEGI 2017]. 
The increase in domestic, agricultural and industrial activities has resulted in inad- 
equate management and control of solid and liquid wastes, thus affecting the quality 
of aquatic ecosystems, mainly in aquifers. This overproduction of waste from human 
activities has, therefore, caused ecological, socioeconomic and health problems (Ramos 
et al. 2008). This situation has decreased the availability and quality of freshwater for 
human use and has increased the expenditure for energy to obtain it. To address these 
problems, some alternatives have been proposed, such as obtaining freshwater from 
alternative reserves or expensive purification processes (Hoogesteijn-Reul et al. 2015; 
Nava-Galindo 2015). 

One of the biological factors that affects water quality is the presence of coliform 
bacteria. Total coliform bacteria are harmless microorganisms which live in the intes- 
tines of man and warm and cold-blooded animals, where they help digestive processes. 
A small group of this type of bacteria has been classified as faecal coliform bacteria, 
where the most common member is Escherichia coli. This type of bacteria has been 
separated from the total coliform group because of its ability to grow at elevated tem- 
peratures and its relationship with faecal material from warm-blooded animals. This 
group is mainly composed of gram-negative bacilli, which are not sporulated, oxidase- 
negative, aerobic or anaerobic facultative, are able to multiply in the presence of bile 
salts and are able to ferment lactose with acid and gas production in 48 h at 44 °C 
(Mossel 1982). As faecal coliform bacteria, such as £. coli, are generally not pathogenic, 
they are used as organisms to indicate the presence of pathogenic bacteria. These indi- 
cator bacteria are always present in the same gastrointestinal tract of organisms infected 
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with pathogenic bacteria, but the latter are in such small quantities that it is not practi- 
cal to monitor them directly (Rochelle-Newall et al. 2015). 

Usually the presence of faecal coliform bacteria is an indicator of water contamina- 
tion. The presence of these bacteria in underground water is generally related to out- 
breaks of virulent diseases like cholera, dysentery, paratyphoid fever, hepatitis, stom- 
ach infection and septicaemia. In tropical and under-developed cities, these diseases 
are transmitted by faecal contamination of underground water [Ogbondeminu et al. 
1994; Pacheco et al. 2000; McDonald et al. 2008; Norma Mexicana NMX-AA-042- 
SCFI-2015 (2015)]. Coliform studies on urban cenotes are scarce; the most studied 
are tourist cenotes. Therefore, the present study is focused on determining and analys- 
ing total and faecal coliforms’ concentrations in Cancun’s cenotes, which are used as 
natural swimming pools and freshwater sources. 


Material and methods 


Sampling 


The samples were collected from ten cenotes located in Cancun, one sample from each 
cenote. The sampling was carried out in two seasons of the year 2018, from May to 
June (dry season) and from September to October (rainy season) (Fig. 1 and Table 1). 
The samples were collected in the morning (from 9 to 10 am), in the middle of the 
cenote at 10 cm under the water surface and collected in 500 ml sterile screw cap glass 
bottles by filling them to 3/4 of their capacity. The glass bottles were labelled and kept 
at 4 °C until their transfer to the Biotechnology Laboratory at the Polytechnic Univer- 
sity of Quintana Roo (UPQRoo), in a period not exceeding 2 h after sampling. 


Sample analysis 


The determination of total and faecal coliform was carried out by the technique of 
Most Probable Number (MPN), according to the Mexican Norm NMX-AA-042- 
SCFI-2015 and the American Public Health Association (APHA), American Water 
Works Association and Water Environment Federation (WEF) (1998). In the case 
of total coliform bacteria, 10, 1.0 and 0.1 ml of the samples were taken and added 
to lactose-rich MCD liquid medium tubes with an inverted fermentation Durham’s 
tube inside. Double lactose concentration was used for tubes with 10 ml of sample, 
while normal lactose concentration was used for tubes with 1.0 and 0.1 ml samples. 
The tubes were incubated at 37 °C for 48 h. After the incubation period, the tubes 
that presented turbidity and the presence of gas collected in the Durham’s tubes were 
considered positive for total coliforms. In the case of faecal coliform bacteria, the posi- 
tive total coliform samples were grown in tubes containing Brilliant Green Bile Lactose 
liquid medium (Bioxon) and an inverted fermentation Durham’s tube. The tubes were 
incubated at 45 °C for 24 h. After the incubation period, the tubes that presented tur- 
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Figure |. Location of the sampled cenotes in Cancun, Quintana Roo, Mexico. On the left, the location 


of Quintana Roo State in Mexico; on the right, blue markers (C1-C10) correspond to the global coordi- 


nates of each cenote; in lilac is the Cancun urban area. 


bidity, the presence of gas collected in the Durham’s tubes and a slight change in the 
colour of the medium were considered positive for faecal coliform bacteria. 

‘The Most Probable Number (MPN) of total and faecal coliform bacteria contained 
in 100 ml of the sample was calculated by comparing the number of positive tubes in 
the confirmatory results with statistical tables listed in the Mexican Norm NMX-AA- 
042-SCFI-2015 (2015). The data were listed and plotted. 


Proximal analysis 


The distances between cenotes were obtained using the Haversine formula (Robusto 1957). 


d =2rsin 


(1) 


+ cos (2 )*cos(é, )* sin” a4) 


Euclidean distance was used for “nearest” criteria; in this work, the quantity spher- 
ic polygon centroid is inferred using the following formula: 


dist(x, y) = ¥ (x —y, y (2) 


i=l 


Cluster analysis 


For the process algorithm, formulated by MacQueen (1967), first, we have partitioned 
the data in clusters, denominated as “k records”; second, we randomly assigned “k 
records’ to be the locations of the cluster centres for each k record, to find the nearest 
cluster centre. Thus, each cluster centre “owns” a subset of the k records, thereby repre- 
senting a partition of the dataset. Thus, we have “k clusters, C1, C2, ..., Ck” for each 
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Table |. Concentrations of total and faecal coliform bacteria. 


Sampled cenote Total coliform Faecal coliform 
Dry season Rainy season Dry season Rainy season 
May-Jun Sep—Oct May-Jun Sep—Oct 
Cl 93 > 2400 93 240 
C2 > 2400 253 > 2400 253 
C3 240 > 2400 240 157 
C4 1100 > 2400 1100 > 2400 
C5 > 2400 > 2400 > 2400 > 2400 
C6 > 2400 > 2400 > 2400 110 
C7 <3 > 2400 <3 157 
C8 <3 > 2400 <3 > 2400 
G9 93 253 4 79 
C10 21 > 2400 7 > 2400 


* Data are expressed by the most probable number of total or faecal coliform bacteria in 100 ml of sample (MPN/100 ml). 


of the & clusters. Finally, we need to find the cluster centroid and update the location of 
each cluster centre and determine the new value of the centroid. We repeat this process 
until there is convergence or termination. 

Clustering analysis is performed through the distance obtained in latitude and 
longitude. To make this analysis, three groups were carried out, based on latitude and 
longitude distances, considering the closest in each of the groups. The number of the 
resulting groups of equal latitude and longitude are placed in the final group; on the 
other hand, the number of the resulting groups of latitude and longitude that are not 
equal are labelled as the missing groups. Considering the map of Cancun, the result 
is four cenotes to the northeast, one to the southwest and five at the centre. Then the 
spherical polygon centroid function of Robert J. Hijmans is used, based on the formula 
(Williams 2011) Rhumb Line Navigation contained in the geosphere package (Hijmans 
et al. 2017) of the statistical analysis programming language R. The result is plotted 
through the QGIS software. 


Results 


For processing and analysis of data, cenotes were named arbitrarily with the code Cl 
referring to the first sampled cenote and so on until C10 referring to the tenth sampled 
cenote (Fig. 1). In the dry season, three cenotes had the highest concentration (> 2400 
MPN/100 ml) of total coliforms; the same cenotes had the highest concentration of 
faecal coliforms in this season. In the rainy season eight cenotes had the highest con- 
centration (> 2400 MPN/100 ml) of total coliforms, while four cenotes had the high- 
est concentration of faecal coliforms in the same season (Table 1). 

To understand the changes in the concentration of coliforms in cenotes between 
both seasons, the frequencies of each concentration of the Most Probable Number 
(MPN/100 ml) of total (Fig. 2A) or faecal coliforms (Fig. 2B) were plotted. During 
the dry season, only 3 cenotes had > 2400 MPN/100 ml and 1 had 1100 MPN/100ml 
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Figure 2. Relative frequencies of concentrations of total and faecal coliforms in cenotes of Cancun A 
frequencies of different concentrations of the Most Probable Number (MPN/100 ml) of total coliforms 
detected during dry (May-June) and rainy (September-October) seasons B frequencies of different con- 
centrations of the most probable number (MPN/100 ml) of faecal coliforms detected during dry (May- 
June) and rainy (September-October) seasons. Frequency is plotted as a percentage of cenotes with the 
same concentration of MPN/100 ml. Bars with the same percentage but with both colours represents 


cenotes without changes between dry and rainy seasons. 


of total coliforms; according to the Mexican norm the limits are <200 MPN/100 ml 
to swim, these cenotes considered to have high concentrations of bacteria. In contrast, 
the other 6 of cenotes had low concentrations of total coliforms, which ranged from 
3-240 MPN/100 ml; however only 5 cenotes have concentrations below the limits of 
the Mexican norm. Interestingly, in the rainy season, the number of cenotes with high 
concentrations (> 2400 MPN/100 ml) of total coliform bacteria increased to 8 and 
only 2 had low concentrations (253 MPN/100 ml) of total coliform bacteria (Fig. 2A). 
In this season, all cenotes exceed the limits of the Mexican norm. 

On the other hand, in the dry season, faecal coliforms were detected in high con- 
centrations (> 2400 and 1100 MPN/100 ml) in 3 and 1 of the cenotes, respective- 
ly, while the remaining 6 of the cenotes had low concentrations of faecal coliforms, 
ranging between 3 and 240 MPN/100 ml. In the rainy season, 4 of the cenotes had 
high concentration of faecal coliforms (> 2400 MPN/100 ml) and the other 6 cenotes 
had low concentrations of faecal coliforms (ranging from 79 to 253 MPN/100 ml) 
(Fig. 2B). Therefore, it is evident that the concentrations of total and faecal coliforms 
increase in the rainy season. 

The Yucatan Peninsula has the largest underwater cave system in the world (Bauer- 
Gottwein et al. 2011) and that many of these caves are interconnected by an extensive 
hydrological system (Gémez-Nicolas et al. 2017). To determine the possible hydrolog- 
ical connection of the ten sampled cenotes, an analysis of proximity of cenotes was per- 
formed (Fig. 3). Three clusters (CL1, CL2 and CL3) were obtained from this analysis. 
Each cluster has a centroid, which represents the geographic centre and is surrounded 
by a minimum (radius of 2 km), a medium (radius of 2.5 km) and a maximum (radius 
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Figure 3. Cluster of cenotes of Cancun; each cluster (CL) has a centroid with a minimum (red circle with 
a radius of 2 km), a medium (yellow circle with a radius of 2.5 km) and a maximum (green circle with a 
radius of 2.8 km) circular perimeters. In CL1, only cenote C10 is located; in CL2, C1, C2 and C5 cenotes 
are located and in CL3, C3, C7 and C8 cenotes are located. 


of 2.8 km) circular perimeter. C1, C2 and C5 cenotes were located within the mini- 
mum circular perimeter of CL2. A similar pattern was detected in CL3, where C3, C7 
and C8 cenotes were detected near the centroid and C6 and C9 cenotes were detected 
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at the maximum circular perimeter of CL3 and CL2, respectively. Finally, in CL1, only 
C10 was found. It should be noted that this is a predictive analysis by the computer 
due to its distance. However, to prove if the cenotes are connected, a more accurate and 
geographical analysis is required. 


Discussion 


Coliform bacteria are a very diverse group with several members. Some of these mem- 
bers are Escherichia coli, Salmonella sp., Klebsiella sp., Enterobacter sp., Citrobacter sp. and 
Shigella sp. According to data from the World Health Organization (WHO) (2004), 
contamination of food or drinking water with coliform bacteria is a risk to human 
health (Casanovas-Massana and Blanch 2013; Bojarczuk et al. 2018). 

It has already been demonstrated that the presence of faecal coliforms is closely 
related to human activities. A study conducted by McDonald et al. 2008 reported that, 
in 480 samples taken in the New Cairngorms National Park in Scotland, 85% were 
positive for total coliform bacteria. It should be noted that the sampling was taken in 
the four main rivers of the Park where there is a camping area. The authors concluded 
that, when the number of visitors increases, the probability of identifying faecal coli- 
form bacteria, such as E. coli, also increases. 

An and Breindenbach (2005) demonstrated the presence of total coliforms in all 
samples collected from spring waters in Seoul, South Korea. They demonstrated that 
E. coli was detected in 68% of the samples. They also found that all samples located 
near the public spring baths contained high concentrations of F. coli. These data dem- 
onstrate the importance of continuous monitoring of water bodies for maintaining a 
biological balance in order to avoid harm to human health and other organisms. 

In Mexico, Pacheco et al. (2000) determined the bacterial contamination of 
groundwater in a rural region of Yucatan, Mexico. They identified high concentra- 
tions of bacteria, such as E. coli, Serratia sp. and Enterobacter sp., which remarkably 
exceeded the maximum permissible limits established by the Mexican Official Norm. 
Therefore, since these bacteria are causes of severe gastroenteritis, the authors suggested 
that continuous monitoring of groundwater for human and cattle consumption be 
undertaken. 

In the present study, samples were taken from urban environments (except cenote 
10, which is located in a semi-urban context with many random human settlements). 
All other cenotes are located within Cancun. ‘The results show that all sampled cenotes 
are contaminated with total and faecal coliforms to a greater or lesser extent and that 
the concentration of both coliform bacteria increases in the rainy season in several 
cenotes (Table 1). Thus, these observations indicate that rain is an important factor 
that increases the total and faecal coliform concentrations in most cenotes. This re- 
search agrees with other reports (Kane 2016; Rosiles-Gonzalez et al. 2017), the authors 
show that levels of total coliforms or E. coli increase in the rainy season in 3 cenotes in 
Cancun; of them, we analysed one cenote that was named C2 in our study. 
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We suggest that the change in the concentrations of total and faecal coliforms dur- 
ing the rainy season could be related to several factors. The first factor can be anthro- 
pogenic activity in the heavily populated areas, where we find a lot of garbage and the 
increased flow of surface water in the rainy season flushes the waste into underground 
water system, thus causing pollution in the cenotes. It is also known that some illegal 
settlements use latrines and septic tanks whose contents will be flushed to the drain- 
age system during times of heavy rainfall and thereby infiltrate to the groundwater or 
cenotes due to the porosity of the ground in Cancun. Previous research groups also 
demonstrated that there is a directly proportional relationship between the presence of 
anthropogenic activities and faecal coliform bacteria (Bauer-Gottwein et al. 2011; Der- 
rien et al. 2015; Moore et al. 2020). Thus, pollution levels in the underground waters 
of Cancun should be constantly monitored to avoid diseases related to faecal coliform 
bacteria. It is important to emphasise that, in most of the rural regions of the Yucatan 
Peninsula, the main sources of freshwater are groundwater found in cenotes [Comisién 
Nacional del Agua (CONAGUA) (2015)]. We found that all the analysed cenotes were 
contaminated. We suggest that there is a high probability that the aquifer under this 
city is contaminated. This hypothesis is supported by our computational analysis of 
proximity (Figs 2, 3), and by the study of Leal-Bautista et al. (2019) who found total 
and faecal coliforms at the groundwater source (wells) located west of Cancun. 

Data from the computational analysis of proximity suggest that the cenotes inside 
CL2 (C1, C2 and C5) and CL3 (C3, C7 and C8) have hydrological connections that 
could influence changes in total and faecal coliform concentrations (Fig. 3). On the 
other hand, CL1 only has one cenote; C10 and C4, C6 and C9 cenotes are not close 
enough to each other for possible hydrological connections. ‘This analysis showed that 
at least seven of the ten sampled cenotes could be connected. Moreover, C5 and C6 
cenotes are the most contaminated of the sampled cenotes in the dry and rainy seasons. 
It should also be noted that there are approximately 150 cenotes registered within 
the locality of Cancun according to the data provided by the region’s Department of 
Ecology. Therefore, there is a very high probability that there are more underground 
connections between the cenotes. 

As there is a high probability that each of these cenotes is connected to a large 
aquifer, it is very likely that soon all of these sources of underground water will also 
be contaminated. Interestingly, cenote C9 is the least contaminated of all the cenotes 
sampled in both seasons. This could be the result of a wooded area existing above the 
cenote which could be preventing the filtration of contaminated water into the cenote. 
However, in the rainy season, the concentration of total and faecal coliforms decreases 
in cenote C2, perhaps due either to a flow of underground water that goes from cenote 
C2 to another location, or the source of coliform contamination was eliminated as a 
result of the municipal programme for cleaning the garbage from the cenotes. ‘This 
programme, however, does not exist in all areas in Cancun. Therefore, tracers are neces- 
sary to identify the source and destination of these contaminants. 

On the other hand, E. coli is the most representative bacteria of faecal coliforms that 


affect human health (An and Breindenbach 2005; McDonald et al. 2008). Neverthe- 
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less, this bacterium is not the only faecal coliform that can affect human health. For this 
reason, this study focused on the general presence of faecal coliforms that usually inhabit 
the digestive tract. According to this, in the Cancun-Tulum tourist corridor, faecal coli- 
forms have been detected in five cenotes used for tourist activities. Concentrations of 
0-460 MPN/100 ml of faecal coliforms were detected in four of them and one of them 
exceeded 1000 MPN/100 ml (Alcocer et al. 1998). A study determined faecal contami- 
nation in 48 cenotes used for tourist activities in the State of Yucatan. They found that 
all cenotes tested positive for the presence of total and faecal coliforms, indicating that 
they were contaminated with faecal matter (Hoogesteijn-Reul et al. 2015). Furthermore, 
the permissible limits of total and faecal coliforms established by the Mexican Norm 
NMX-AA-042-SCFI-2015 (2015) were exceed. Although coliforms are responsible for 
many diseases and doctors have reported illness from swimming in cenotes, nobody has 
yet directly sampled the cenotes in connection with determining coliform bacteria’s 
presence and relate the presence of these bacteria or other organisms with these diseases. 

The authors strongly recommend that the Government should consider a sanita- 
tion policy for the use of cenotes as tourist/recreational centres. Therefore, the use 
of cenotes as swimming pools presents an adverse environmental impact since they 
do not have sanitation systems developed for them. The coliform contamination of 
cenotes also affects the balance of the microenvironment by altering the food web. 
We have found that, in some cenotes with high levels of faecal coliforms, alteration in 
the population of some species of microalgae and protozoa species exists (unpublished 
data). In addition to the environmental problems, there is an economic and health risk 
because the underground water of the cenotes is the only source of freshwater in the 
Cancun Region. This fact implies that freshwater for human use has to be extracted 
from distant locations, thus increasing the cost of the process. 


Conclusion 


The concentrations of total and fecal coliforms from 10 cenotes located within Can- 
cun were monitored in two seasons of the year, dry and rainy. Levels from 93 to 2400 
MPN / 100 mL of total coliforms were detected in the dry season (3 cenotes had the 
maximum detectable > 2400 MPN / 100 mL), in the rainy season 9 cenotes showed 
an increase in concentration, from which 8 cenotes had the maximum detectable. 
While in 7 cenotes faecal coliforms concentration increased in a range from 79 to 
2400 MPN / 100 mL, in the rainy season. In such a way, the rain is the main factor 
that increases coliforms concentrations in the cenotes. 

This pollution in urban cenotes implies a serious problem for the management of 
residual wastewater in Cancun, and could adversely affect the nearby ecosystem, like 
lagoons, estuaries and coral reefs, causing a serious deterioration of this ecosystem and 
in public health. Additional studies and continuous monitoring are necessary. There- 
fore, it is urgent to implement severe restrictions for household waste, as well as to 
increase ecological education for the care of cenotes. As many of these sites are used as 
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garbage dumps, the current situation is already serious and causing damage that could 
be irreparable and costly in the long term. 
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